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This report is one of series describing a multi- 
disciplinary multinational IIASA research study on Management 
of Energy/Environment Systems. The primary objective of the 
research is the development of quantitative tools for energy 
and environment policy design and analysis -- or, in a broad- 
er sense, the development of a coherent, realistic approach 
to energy/environment management. Particular attention is 
being devoted to the design and use of these tools at the 
regional level. The outputs of this research program include 
concepts, applied methodologies, and case studies. During 
1975, case studies were emphasized; they focused on three 
greatly differing regions, namely, the German Democratic 
Republic, the Rhhe-Alpes region in southern France, and the 
state of Wisconsin in the U.S.A. The IIASA research was con- 
ducted within a network of collaborating institution~,composed 
of the Institut fur Energetik, Leipzig; the Institut Economique 
et Juridique de lV6nergie, Grenoble; and the University of 
Wisconsin, Madison. 
Other publications on the management of energy/environment 
systems are listed in the Appendix at the end of this report. 
Wesley K. Foe11 

Abstract 
This paper presents tne essential features of a model 
for regional energy supply optimization. The approach 
proposed in the paper differs significantly from other models 
dealing with similar problems. These models are in most 
cases linear optimization models with a single attribute 
objective function (usually costs); other aspects such as 
the impact on the environment, are included in the form of 
constraints. The method described here attempts to include 
simultaneously several attributes of a certain energy 
supply strategy related to its economical and ecological 
consequences in a multiattribute utility function, which 
is then used as the objective function of the optimization 
model. 
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1. Introduction 
Among the most important decisions taken by any legis- 
lative or administrative body are the decisions on energy 
policy, because energy is a major driving force of almost 
all economic activities. Accordingly there have been many 
attempts at building more or less sophisticated tools to 
facilitate and rationalize the decision-making process on 
energy policy. They range from simple extrapolation tech- 
niques over simulation models [5,11] and input-output models 
[8] to optimization models, which mainly,deal with optimi- 
zation of energy supply at given demand [4,6,7,101. The 
optimization models quoted have two major deficiencies, 
which were the motives for the work in hand: 
Firstly, their objective -functions do not include envircn- 
mental impacts, although decisions on the energy system 
ought to be the result of a trade-off between economic and 
environmental impacts. In some cases constraints for certain 
pollutant emissions are imposed, but emission values are not 
very meaningful in evaluating environmental impacts, and 
the resolution of environmental-economic trade-offs by vary- 
ing environmental constraints is a tedious process, which 
does not make very clear the actual preferences of the decision- 
maker. 
Secondly, the supply optimization models are not very well 
suited for application to a relatively small region with 
its many links to other parts of the same country. The ideal 
case for those models is a large, completely selfcontained, 
and homogeneous country. 
Therefore, the goal of this work was to develop a supply 
optimization model which can handle the economy-environment 
trade-offs explicitly and which is applicable on a regional 
level. As in 171 and [lo], much attention was to be paid to 
the substitutability of the different energy forms within the 
demand sectors. The optimization was to be done for a time 
period of 50 1-ears. 
General Description of the Approach 
Decisions concerning the energy supply system of a 
region have, in general, many consequences, all of which have 
to be taken into account simultaneously, if one is to find the 
moptimal'' decision. Subjective judgement will be inavoidable 
during the decision process, in particular as far as the 
weighting of the various consequences is concerned. A rational 
way of decision-making under these circumstances is the use 
of multiattribute utility functions [9 I .  The so-called 
attributes, which are the independent variables of those 
functions, measure one or several classes of consequences of 
the decisions under discussion. An attribute related to energy 
policy decisions could be, for instance, the SO2 concentration, 
which could be a measure of all impacts of SO2 on human beings 
and objects. The utility function expresses the degree of 
satisfaction of a person-for all possible combinations of 
attribute values, and in case of uncertainty about the attri- 
bute values the expected value of the utility function is the? 
criterion for the choice among the decision alternatives. This 
means, the maximization of the expectation of his utility 
function is what the decision-maker should want, if he wants 
to be logically consistent with his preference structure. 
The utility function can be assessed by means of a sequence 
of relatively simple questions to the decision-maker [1191- 
Thereby the decision-maker's own understanding of his problem 
is greatly improved. Considering all these characteristics, 
the multiattribute utility theory approach seems to be very 
suitable for the supply optimization problem. Therefore, the 
objective function to be maximized is assumed to be a multi- 
attribute u-:ility function. 
The model o f  t h e  r e g i o n a l  ene rgy  sys t em which i s  used  f o r  t h e  
s u p p l y  o p t i m i z a t i o n  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  1. Energy 
c o n t a i n e d  i n  p r imary  ene rgy  r e s o u r c e s  P i  i s  c o n v e r t e d  i n t o  i n t e r -  
m e d i a t e  ene rgy  forms I which i n  t u r n  i s  used  by d i f f e r e n t  demand k  
s e c t o r s  D R .  The e s s e n t i a l  v a r i a b l e s  o f  t h e  problem a r e  t h e  y e a r l y  
ene rgy  f l o w s  x  j i k  and YjkR and t h e  c o r r e s p o n d i n g  c a p a c i t i e s  Ax j  i k  
and AyjkR t o  b e  b u i l t  i n  t h e  same y e a r s .  The re  a r e ,  i n  g e n e r a l ,  
more t h a n  one  f l o w  between one  and t h e  same P  I - o r  I D - p a i r  i k  k  R 
which d i f f e r  w i t h  r e s p e c t  t o  env i ronmen ta l  p r o t e c t i o n  e x p e n d i t u r e  
f o r  t h e  c o n v e r s i o n  p r o c e s s  o r  w i t h  r e s p e c t  t o  l o c a t i o n  o f  t h e  pro- 
cess ( e . g .  i n s i d e  o r  o u t s i d e  t h e  r e g i o n ) .  But i n s t e a d  o f  hav ing  
more t h a n  one  f l o w  between one  p a i r ,  one c o u l d  r a i s e  t h e  number 
o f  pr imary  e n e r g y ,  s econda ry  ene rgy  and demand c a t e g o r i e s  appro-  
p r i a t e l y .  The s u b s c r i p t  which o u g h t  t o  b e  used  f o r  d i s t i n c t i o n  
between f lows  i n  c a s e  o f  m u l t i p l i c i t y  i s  l e f t  o u t  i n  t h e  f o l l o w i n g  
i f  t h e r e  i s  no ambigu i ty .  I n  p r i n c i p l e ,  one  c o u l d  d i s p e n s e  w i t h  
t h e  i n t e r m e d i a t e  ene rgy  c a t e g o r i e s  and look  d i r e c t l y  on a l l  
a d m i s s i b l e  f lows  between PiDR - p a i r s .  T h i s  would i n c r e a s e  t h e  
number of  v a r i a b l e s ,  which i s  a  d i s a d v a n t a g e  f o r  o p t i m i z a t i o n ,  
b u t  on t h e  o t h e r  hand one  would have a  few less c o n s t r a i n t s  f o r  
t h e  o p t i m i z a t i o n  (see S e c t i o n  6 ) ,  which i s  b e n e f i c i a l .  The scheme 
i n  F i g u r e  1 was chosen  because  i t  seems t o  b e  c l e a r e r  and e a s i e r  
t o  m a n i p u l a t e .  
The whole s e t  o f  f l o w s  which a r e  t a k e n  i n t o  a c c o u n t  f o r  
t h e  r e g i o n a l  ene rgy  s u p p l y  o p t i m i z a t i o n  a r e  shown i n  T a b l e s  
1 and 2 .  S o l a r  ene rgy  i s  assumed t o  be  c o n v e r t e d  i n t o  elec- 
t r i c i t y  th rough  p h o t o - v o l t a i c  ce l l s  o n l y .  The s y n t h e t i c  f u e l  
i s  t r e a t e d  a s  i f  it was hydrogen.  U s e  of  of f -peak  e l e c t r i c i t y  
f o r  pumped s t o r a g e  and s y n t h e t i c  f u e l  product ion  a r e  looked 
upon a s  demand c a t e g o r i e s ,  and t h e  s t o r e d  energy i s  f e d  
back t o  t h e  primary energy s i d e .  A l t e r n a t i v e s  f o r  p o l l u t i o n  
abatement  measures a r e  cons ide red  only  f o r  convers ion  and 
n o t  f o r  consumption p r o c e s s e s .  For c o o l i n g  of e l e c t r i c  
power p l a n t s ,  on ly  wet and d r y  c o o l i n g  towers a r e  c o n s i d e r e d .  
And n o t  more t h a n  two a l t e r n a t i v e s  f o r  t h e  l o c a t i o n  of  t h e  
convers ion  p r o c e s s e s  a r e  assumed. 
One can  s e e  from Tables  1 and 2 t h a t  t h e  number o f  
v a r i a b l e s  o f  t h e  supp ly  o p t i m i z a t i o n  problem i s  very  h i g h  
i f  t h e  o p t i m i z a t i o n  i s  t o  b e  done over  s e v e r a l  t ime  ?e r i62s .  
The same a p p l i e s  t o  t h e  number of  c o n s t r a i n t s .  T h e r e f o r e  
t h e  o n l y  o p t i m i z a t i o n  t e c h n i q u e  which can  be a p p l i e d  a t  
r e a s o n a b l e  computa t iona l  e f f o r t  i s  l i n e a r  programming. Th i s  
means t h e  o p t i m i z a t i o n  problem has  t o  have t h e  f o l l o w i n g  form: 
T T T T Maximize A X + B AX + C Y + D AY = U ( X ,  A X ,  Y ,  AY)  (1) 
T > s u b j e c t  t o  E ~ ~ X  + F ~ ~ A X  + Gk Y + H ~ ~ A Y  Rk , k = l ,  . . . k ,  ( 2 )  
where X ,  A X ,  Y ,  B Y  a r e  v e c t o r s  composed of a l l  x j ik ,  A X  j i k '  
y j k e ,  and Ayjke, r e s p e c t i v e l y ,  and A, B, C ,  D ,  Ek ,  Fk, G k ,  H k  
are c o n s t a n t  v e c t o r s  o f  a p p r o p r i a t e  l e n g t h .  T h i s  means, t h e  
u t i l i t y  f u n c t i o n  h a s  t o  be  a  l i n e a r  f u n c t i o n  ?f £10-VJS and 
c a p a c i t i e s .  It i s  d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  3 .  The 
c o n s t r a i n t s  , which g u a r a n t e e  i n  p a r t i c u l a r ,  t h a t  t h e  given 
demands a r e  m e t ,  a r e  d i s c u s s e d  i n  S e c t i o n  5. 
For  an o p t i m i z a t i o n  on a r e g i o n a l  s c a l e ,  s i n g l e  convers ion  
o r  consumption i n s t a l l a t i o n s  may be  r e l e v a n t .  T h e r e f o r e ,  it 
may be  n e c e s s a r y  t o  impose some i n t e g e r  c o n s t r a i n t s  i n  a d d i t i o n  
t o  ( 2 )  and ( 3 )  which g u a r a n t e e  r e a s o n a b l e  p l a n t  s i z e s :  
Axjik = 0 mod sik, A y j l i l k l  = o mod t i l k l  
f o r  some j ,  j ' ,  i, i t ,  k ,  k t .  
I n  c a s e s  where ene rgy  f lows  d i f f e r  o n l y  by t h e  p o l l u t i o n  aba tement  
e f f o r t ,  it may be  r e a s o n a b l e  t o  p u t  t h e  sum o f  t h e  c o r r e s p o n d i n g  
c a p a c i t i e s  on t h e  l e f t - h a n d  s i d e  o f  t h e  c o n s t r a i n t s ,  which means 
t h a t  t h e  aba tement  e f f o r t  can  b e  v a r i e d  c o n t i n u o u s l y  between t h e  
t w o  ex t r emes  g i v e n  i n  Tab le  1. With t h e  a d d i t i o n a l  c o n s t r a i n t s  
( 4 ) ,  t h e  s u p p l y  o p t i m i z a t i o n  problem i s  a  mixed i n t e g e r - l i n e a r  
programming problem.  The c o m p u t a t i o n a l  s o l u t i o n  o f  it i s  d i s c u s s e d  
i n  S e c t i o n  7 .  
3 .  The Objec t ive  Funct ion  
I n  g e n e r a l ,  t h e  a c t u a l  u t i l i t y  f u n c t i o n  U ( X ,  A X ,  Y ,  AY) 
is a non- l inea r ,  non s e p a r a b l e  f u n c t i o n ,  and t h e  problem a r i s e s  
how t o  approximate it by a l i n e a r  f u n c t i o n  of t h e  k i n d  (1). 
F i r s t  of a l l  t h e  impacts  should  b e  aggregated  i n t o  a t t r i -  
b u t e s  a i  i n  such a way t h a t  they  a r e  p r e f e r e n t i a l l y  independent  
and u t i l i t y  independent  [ 9 ] ,  which i s ,  i n  g e n e r a l ,  p o s s i b l e .  
Then e i t h e r  L91 
N 
where 0 < ki < 1, 1 + k = .rr (1 + k k i ) ,  and 
i= 1 
U and ui a r e  s c a l e d  from zero t o  one.  
I f  U i s  of  form ( S ) ,  a l i n e a r  o b j e c t i v e  f u n c t i o n  (1) i s  
o b t a i n e d  by l i n e a r i z i n g  a l l  s i n g l e  a t t r i b u t e  u t i l i t y  f u n c t i o n s  
u. . 
1 
I f  ( 6 )  a p p l i e s ,  q u i t e  o f t e n  k is  c l o s e  enough t o  z e r o  s o  
t h a t  (5)  can  be  used a s  an approximation t o  ( 6 )  . I f  ( 5 )  is n o t  
a  good approximation t o  ( 6 )  one can  use  t h e  l i n e a r  f u n c t i o n s  
which d e s c r i b e  t h e  t a n g e n t  p l a n e s  of  U ( a s  a  f u n c t i o n  of  u i )  i n  
a  s e a r c h  t e c h n i q u e  ( s e e ,  f o r  i n s t a n c e ,  [ 1 2 ] ) ,  which u s e s  l i n e a r  
programming f o r  each s e a r c h  s t e p .  One can a l s o  narrow t h e  admis- 
s i b l e  r anges  f o r  some o f  t h e  a t t r i b u t e s ,  which i n c r e a s e s  t h e  
chance of (5) being the appropriate from. But this means that 
additional constraints have to be introduced (see Sect. 5), 
which might even make the problem insoluble (no feasible solu- 
tion) . 
The single attribute utility functions ui in most cases 
come out from the assessment process as linear functions. If 
nonlinearities are relevant, they are in most practical cases 
such that the function is concave (see Fig.2), since concavity 
indicates risk aversion. Then for the optimization a polygon 
approximation to the function can be used without relevant loss 
of efficiency 121. (The number of variables and constraints 
thereby is raised by the number of edges of the polygon approx- 
imation). If a utility function becomes convex, the application 
of linear programming is difficult. But again one could do 
with narrowed ranges of the attributes, which make a linear 
approximation more reasonable. 
Finally, in order to have a linear objective function, the 
attributes have to be linear functions of the components of XI 
AX, Y, AY. This is in practice always well fulfilled if the 
plant sizes for each flow are assumed to be fixed. 
4 .  The A t t r i b u t e s  
The a t t r i b u t e s  s e l e c t e d  f o r  t h e  r e g i o n a l  energy supply  
o p t i m i z a t i o n  a r e  l i s t e d  i n  Table 3 along wi th  a  s h o r t  d e s c r i p -  
t i o n .  The maxim behind t h i s  choice  was t o  cover  wi th  t h e  a t t r i -  
b u t e s  t h e  consequences of energy convers ion  and consumption a s  
f a r  a s  they  a r e  n o t  c o n t r o v e r s i a l .  Those p a r t s  of t h e  s e r i e s  
of consequences which depend on s u b j e c t i v e  judgements should  
be  d e c i d e d  on by t h e  d e c i s i o n  maker through h i s  u t i l i t y  f u n c t i o n .  
One can ,  f o r  i n s t a n c e ,  r e l a t i v e l y  a c c u r a t e l y  e s t i m a t e  t h e  in-  
c r e a s e  i n  SO2 c o n c e n t r a t i o n  due t o  combustion of o i l  and c o a l ,  
b u t  it i s  hard  t o  p r e d i c t  what t h i s  means wi th  r e g a r d  t o  human 
l i f e  t i m e ;  t h e r e f o r e  t h e  SO2 c o n c e n t r a t i o n  i n c r e a s e  was chcsen 
a s  an a t t r i b u t e  r a t h e r  than  a d d i t i o n a l  d e a t h s .  I f  " a d d i t i o n a l  
d e a t h s "  was used a s  an a t t r i b u t e  t h e  s u b j e c t i v e  p r o b a b i l i t i e s  
f o r  a d d i t i o n a l d e a t h s  due t o  inc reased  SO2 l e v e l s  would have 
t o  be a s s e s s e d  a l s o  because t h e  e x p e c t a t i o n  of t h e  u t i l i t y  
i s  t h e  c r i t e r i o n  t o  be maximized. S ince  t h i s  w i l l  most l i k e l y  
puzz le  t h e  d e c i s i o n  maker, such a t t r i b u t e s  have been avoided.  
( I n  a d d i t i o n ,  d e c i s i o n  makers a r e  u s u a l l y  r e l u c t a n t  t o  make 
e x p l i c i t  t h e i r  p r e f e r e n c e s  between human l i v e s  and economic 
q u a n t i t i t e s  which would be n e c e s s i t a t e d  by an " a d d i t i o n a l  
d e a t h s "  a t t r i b u t e ) .  In  e i t h e r  c a s e  a  d e t a i l e d  d i s c u s s i o n  of 
p o s s i b l e  consequences of i n c r e a s e d  SO l e v e l s  i s  necessa ry  2 
b e f o r e  t h e  assessment .  
Another impor tan t  a s p e c t  f o r  t h e  c h o i c e  of t h e  a t t r i b u t e s  
was t o  t a k e  i n t o  account  t h e  d i f f e r e n c e s  between t h o s e  r e g i o n s  
which a r e  r e l e v a n t  f o r  meeting t h e  energy demand of t h e  reg ion  
i n v e s t i g a t e d .  D i f f e r e n c e s  t o  be c o n s i d e r e d  e x i s t ,  f o r  i n s t a n c e ,  
w i t h  r e g a r d  t o  a i r  p o l l u t a n t  d i s p e r s i o n  c h a r a c t e r i s t i c s ,  o r  
wi th  r e g a r d  t o  p o p u l a t i o n  d e n s i t y  and d i s t r i b u t i o n .  I n  p r i n -  
c i p l e  one c o u l d  d e f i n e  two d i f f e r e n t  a t t r i b u t e s  f o r  t h e  save  
k ind  of  impact  i n  two d i f f e r e n t  r e g i o n s .  But i n  o . rder  t o  k2ey 
t h e  problem e a s y  t o  su rvey ,  impacts  of t h e  same k i n d  i n  a l l  
r e g i o n s  c o n s i d e r e d  were aggrega ted  i n t o  one a t t r i b u t e .  How- 
e v e r ,  i n  a s s e s s i n g  t h e  u t i l i t y  f u n c t i o n  o f  a  d e c i s i o n  maker 
one h a s  t o  b e  v e r y  f l e x i b l e  a s  t o  t h e  a t t r i b u t e s .  Usua l ly  
t h e  k i n d  and number o f  a t t r i b u t e s  change i n  t h e  c o u r s e  o f  t h e  
assessment  p rocedure .  
The a t t r i b u t e s  l i s t e d  i n  Table  3 c o v e r  mainly  impac t s  on 
human b e i n g s .  T h i s  means t h a t  a t t r i b u t e s  which can  be  looked 
upon a s  a n  ambient  c o n c e n t r a t i o n  a r e  weighted  w i t h  p o p u l a t i o n  
d e n s i t y ;  t h e y  a r e  named "exposures" .  I f  a; is  t h e  l e v e l  o f  
one o f  t h o s e  a t t r i b u t e s ,  t h e  t o t a l  impact  a t t a c h e d  t o  a '  is  i 
t h e  same a s  i f  a l l  peop le  i n  t h e  r e g i o n  i n v e s t i g a t e d  were ex- 
posed t o  t h e  ambient  c o n c e n t r a t i o n  a: , g i v e n  t h a t  t h e  dose-  
e f f e c t  r e l a t i o n s h i p  i s  l i n e a r .  T h i s  r e f l e c t s  t h e  f a c t  t h a t  
impac t s  o u t s i d e  t h e  r e g i o n  have t h e  same weight  a s  i n s i d e .  
I n  p r i n c i p l e ,  t h e  a t t r i b u t e s  f o r  d i f f e r e n t  y e a r s  have t o  
be  t r e a t e d  a s  d i f f e r e n t  a t t r i b u t e s  and t h e  d e c i s i o n  maker ' s  
p r e f e r e n c e  o v e r  t h e  y e a r s  can b e  a s s e s s e d  i n  t h e  same way a s  
o v e r  d i f f e r e n t  a t t r i b u t e s .  A s i m p l e r  approach t o  t h e  problem, 
which is  fo l lowed  f o r  t h e  p r e s e n t ,  i s  t o  a s s e s s  a  d i s c o u n t  
rate f o r  each  o f  t h e  a t t r i b u t e s .  
Those leveJs  of a t t r i b u t e s  which depend on a t m o s p h e r i c  
d i s p e r s i o n  a r e  c a l c u l a t e d  i n  t h e  f o l l o w i n g  way: Assuming 
i s o t r o p i c  wind,  t h e  ground l e v e l  c o n c e n t r a t i o n  C ( R )  a t  d i s t a n c e  
R f rom a  p o i n t  s o u r c e  c a n  be  c a l c u l a t e d  a p p r o x i m a t e l y  from t h e  
f o l l o w i n g  fo rmula  131 : 
where : 
q = s o u r c e  s t r e n g t h ,  
u = mean wind v e l o c i t y ,  
H = t h i c k n e s s  o f  d i s p e r s i o n  l a y e r ,  
X = r e s i d e n c e  t i m e  of  t h e  m a t e r i a l  i n  t h e  a tmosphere ,  
f  = r a t i o  between ground l e v e l  c o n c e n t r a t i o n  and 
z 
v e r t i c a l  mean v a l u e  o f  c o n c e n t r a t i o n ,  which i s  
a n a l y t i c a l l y  known. 
The c o n c e n t r a t i o n  which t h e  p o p u l a t i o n  o f  a  r e g i o n  i s  exposed 
t o  i s  c a l c u l a t e d  u s i n g  an  e x p r e s s i o n  f o r  t h e  c o n c e n t r a t i o n  wi th -  
i n  a  un i form a r e a  s o u r c e ,  which i s  a n  i n t e g r a t i o n  o v e r  ( 7 ) .  
Two k i n d s  o f  a r e a  s o u r c e s  were c o n s i d e r e d :  e m i s s i o n s  which a r e  
a t t a c h e d  t o  human s e t t l e m e n t s  a r e  c o n s i d e r e d  a s  a r e a  s o u r c e s  o f  
t h e  same s i z e  a s  t h e  c i t i e s ,  a l l  o t h e r  e m i s s i o n s  a r e  assumed 
t o  be  d i s t r i b u t e d  un i fo rmly  o v e r  t h e  whole r e g i o n .  ( I n  c a l c u -  
l a t i n g  t h e  c o n c e n t r a t i o n  i n  c i t i e s  o f  a  c e r t a i n  s i z e ,  a l l  o t h e r  
s e t t l e m e n t  e m i s s i o n s  c o n t r i b u t e  t o  t h e  background a s  i f  t h e y  
w e r e  d i s t r i b u t e d  u n i f o r m l y  o v e r  t h e  whole r e g i o n ,  t o o . )  One 
c a n ,  o f  c o u r s e ,  u s e  more s o p h i s t i c a t e d  methods f o r  t h e  c a l c u -  
l a t i o n  o f  t h e  ambien t  c o n c e n t r a t i o n ,  a s  l ong  a s  no s i t e  s p e c i f i c  
c h a r a c t e r i s t i c s  o f  t h e  e m i s s i o n s  a r e  t o  be  t a k e n  i n t o  a c c o u n t .  
5. C o n s t r a i n t s  
The c o n s t r a i n t s  o f  t ype  ( 2 )  which a r e  used f o r  t h e  energy 
s u p p l y  o p t i m i z a t i o n  a r e  l i s t e d  i n  Table  4 .  Most of them a r e  
s e l f - e x p l a n a t o r y .  C o n s t r a i n t s  of  t ype  5 say t h a t  a  new tech-  
nology can on ly  be in t roduced  a t  a  l i m i t e d  r a t e ,  which depends 
on how much is  a l r e a d y  i nves t ed  wi th  t h i s  new technology i n  
t h e  p a s t .  
C o n s t r a i n t s  of  t ype  7 a r e  de r i ved  i n  t h e  fo l l owing  way: 
A s s u m e  t h a t  t h e  load  f a c t o r  f o r  an i n t e r m e d i a t e  energy i (e .g .  
e l e c t r i c i t y )  be X o ,  i r r e s p e c t i v e  of t h e  t o t a l  amount of  energy.  
If now c a p a c i t i e s  o f  of f -peak '  u s e r s  (i. e .  u s e r s  which can u se  
i n t e r m e d i a t e  energy i a t  any t i m e ,  e .g .  e l e c t r i c  c a r s ,  pumped 
s t o r a g e  e t c . )  a r e  i n s t a l l e d ,  t h e  load f a c t o r  i n c r e a s e s  a s  a  
f u n c t i o n  of  t h e  t o t a l  off-peak u s e r  c a p a c i t y  accord ing  t o  t h e  
curve  shown i n  F ig .  3 .  The curve ,  which g i v e s  an  upper l i m i t  
f o r  t h e  amount o f  i n t e r m e d i a t e  energy i t  i s  always concave. 
T he r e fo r e ,  t h e  c o n s t r a i n t  which is r ep r e sen t ed  by t h e  curve  i n  
F ig .  3 can be approximated by those  l i n e a r  c o n s t r a i n t s  o f  t ype  
7 and one of  t y p e  4 ,  which a r e  r ep r e sen t ed  by f o u r  s t r a i g h t  
l i n e s  i n  F i g ,  3 .  By means of t h e s e  c o n s t r a i n t s  t h e  in t roduc-  
t i o n  of  of f -peak u s e r s  can be i n v e s t i g a t e d  wi thou t  having d i f -  
f e r e n t  l oad  c a t e g o r i e s ,  which would i n c r e a s e  t h e  s i z e  of t h e  
problem cons ide r ab ly .  
6 .  I n p u t s  
The i n p u t  d a t a ,  which w e r e  a l r e a d y  d e a l t  w i t h  i m p l i c i t l y  i n  
Chap te r s  3 th rough 5 ,  can  b e  a r r anged  i n  t h r e e  g r o u p s ,  which d e f i n e  
- t h e  i n i t i a l  s i t u a t i o n ,  
- t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  energy  supp ly  system, 
- t h e  p o l i c y  v a r i a b l e s  t o  b e  i n v e s t i g a t e d .  
The i n i t i a l  s i t u a t i o v  i s  g i v e n  by t h e  e x i s t i n g  c a p a c i t i e s  f o r  
a l l  energy  f lows  and t h e  a g e  o f  t h o s e  c a p a c i t i e s .  
The second group compr ises  c o s t s ,  e f f i c i e n c i e s  and env i ron -  
men ta l  impact  d a t a  of  t h e  energy  f lows .  O the r  d a t a  which a r e  rele- 
v a n t  f o r  t h e  s t r u c t u r e  of  t h e  energy  sys tems a r e  t h e  l i f e  t i m e s  o f  
t h e  i n s t a l l a t i o n s ,  t h e  l o a d  c h a r a c t e r i s t i c s ,  and t h e  p l a n t  s i z e s .  
I n p u t  d a t a  which r e f l e c t  p o l i c y  i s s u e s  a r e  t h e  s e c t o r a l  ene rgy  
demands ( a s  f u n c t i o n s  o f  t i m e )  and t h e  c o e f f i c i e n t s  o f  t h e  u t i l i t y  
f u n c t i o n .  C o n s t r a i n t s  f o r  supp ly  of  b a s i c  f u e l s  and f o r  growth 
of  c a p i t a l  s t o c k s  f o r  c e r t a i n  c o n v e r s i o n  p r o c e s s e s  a r e  a l s o  t o  a  
l a r g e  e x t e n t  s u b j e c t  t o  p o l i t i c a l  d e c i s i o n s .  
Computational Aspects 
The optimization model is applied for a time period of 50 
years, which is divided into 10 steps. Then the number of vari- 
ables is - 1700, the number of constraints is - 1200, including 
the integer constraints (but not constraints of type (5), of 
course). This means that it is already a fairly large problem. 
The MPSX package of IBM is being used, which has an option for 
Mixed Integer Programming. It is questionable whether the opti- 
mal solution of the problem will be reached within a reasonable 
time. But since it is a branch and bound algorithm one can stop 
at any time and get a suboptimal solution, which can be compared 
with the solution of the simple linear problem (without integer 
constraints), which gives an upper bound for the optimal value 
of the utility function. 
8 .  A p p l i c a t i o n s  and Ex tens ions  
The methodology d e s c r i b e d  w i l l  be a p p l i e d  t o  Baden-Wfirtternbelrg, 
which i s  one o f  t h e  f e d e r a l  s t a t e s  of  West Germany. T h i s  i s  
c a r r i e d  o u t  i n  c l o s e  connexion w i t h  t h e  d e c i s i o n  makers who a r e  
r e s p o n s i b l e  f o r  energy  p o l i c y  on t h e  f e d e r a l  s t a t e  l e v e l .  The 
supp ly  o p t i m i z a t i o n  model i s  i n t ended  t o  become a  t o o l  f o r  t h o s e  
d e c i s i o n  makers which a l l o w s ,  i n  p a r t i c u l a r ,  t o  r a t i o n a l i z e  t h e  
economy-environment c o n f l i c t  r e s o l u t i o n  and t o  s t u d y  t h e  s e n s i -  
t i v i t y  o f  t h e  o p t i m a l  s o l u t i o n  t o  v a r i a t i o n s  o f  t h e  p o l i c y  v a r i a b l t ~ s  
mentioned i n  Chapter  6 .  
The approach  d e s c r i b e d  is  a l s o  t o  b e  ex tended  me thodo log ica1 l .y  
i n t o  s e v e r a l  d i r e c t i o n s .  The main problems a r e  t o  make ene rgy  
demands s u b j e c t  t o  t h e  o p t i m i z a t i o n ,  and t o  u s e  s o c i a l  p r e f e r e n c e  
f u n c t i o n s  a s  o b j e c t i v e  f u n c t i o n s ,  which a r e  aggrega ted  from i n d i -  
v i d u a l  p r e f e r e n c e  f u n c t i o n s .  Another problem i s  t h e  b a l a n c i n g  of 
t h e  o p t i m i z a t i o n s  o f  d i f f e r e n t  r e g i o n s .  I f  s e v e r a l  r e g i o n s  opt im:  i z e  
t h e i r  energy  s u p p l y  sys tems s e p a r a t e l y ,  t h e  r e s u l t s  may look i n -  
e f f i c i e n t  from a  h i g h e r  l e v e l  p o i n t  o f  view. S imul taneous  o p t i -  
m i z a t i o n  o f  a l l  r e g i o n s  u s u a l l y  is  u n f e a s i b l e  because  o f  h i g h  d i -  
m e n s i o n a l i t y .  Pe rhaps  a n  i t e r a t i v e  a l g o r i t h m  can b e  developed 
which smoothes o u t  i n c o n s i s t e n c i e s  between d i f f e r e n t  r e g i o n s .  
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X j i k  = Flow o f  e n e r g y  from P t o  Ik i n  t ime  p e r i o d  j .  i 
A X j i k  = C a p a c i t y  f o r  ene rgy  c o n v e r s i o n  from Pi t o  Ik b u i l t  i n  t i m e  p e r i o d  j .  
' j k t '  A y j k t  ana logous .  
F i g  1: Scheme of Energy Supply System 
F i g .  2:  Types o f  U t i l i t y  F u n c t i o n s  
F i g .  3 :  Dependence o f  Load F a c t o r  h on C a p a c i t y  
o f  Off-Peak U s e r s .  
T A E L E  1. ENERGY CONVERSION FLOWS. 
P r , i m a r y  E n e r g y  
I n t e r n e d i a t e  E n e r g y  
E L E C T R I C I T Y  
HEAVY O I L  
L I G H T  O I L  
A b b r e v i a t i o n s  
COAL 
LWR = l i g h t  w a t e r  reactor  
LMFBR = l i q u i d  m e t a l  f a s t  breeder reactor 
HTGR = high  t e m p e r a t u r e  gas coo led ' r eac to r  
c. = cooling 
. 
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Table 2 ENERGY CONSUMPTION FLOWS 
I 
Services Zonstruc- Chemical Nisc. Pumped Synthetic 
& tion Mater- Ind. Ind. Storage Fuel from 


























































TABLE 3. LIST OF ATTRIBUTES FOR REGIONAL ENERGY SUPPLY OPTIMISATION. 
1. cost of energy supply ($/cap) 
2. SO2 exposure (pg s02/m3) 
Evaluation: 
where i = index for the regions which are considered for energy 
production with SO2 emission, 
- 
x = (xl ,x2) = location, 
Ai = area of region i, 
p =-population density, 
p = population of the region under' investigation , 
0 
Aa = SO2 ground level concentration due to the energy 
system of the region investigated. 
Attached impacts: 
Early death, respiration diseases, destructi-on of 
monuments. 
3. Relative humidity exposure (%  decrease of saturation deficit) 
Evaluation: 
where 4 = natural relative humidity, 
A @  = increase of relative humidity due to the energy 
system of the region investigated. 
Attached impacts: 
Increase of clouding, icing, fogging and humidity' 
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